A mutant of bacteriophage T4 was isolated which was unable to induce virusspecific dihydrofolate reductase in infected cells. The mutant was able to form several other early enzymes of pyrimidine metabolism. Growth of the mutant in a wild-type host, Escherichia coli B, was compared with that of the parent strain, T4BO,, and T4td8, a mutant which lacks the ability to induce thymidylate synthetase. Growth studies were carried out in minimal medium, which gave higher growth rates and phage yields than the supplemented media used in previous studies. The reductase mutant formed deoxyribonucleic acid and plaque-forming particles at a rate slightly higher than the synthetase mutant but 1.5-to 2-fold lower than that of the wild-type phage under all conditions studied. The addition of thymine to a culture infected by the mutant increased the growth rate significantly, suggesting that the genetic lesion leads to a partial thymidylate deficiency. Like other viral genes controlling steps in thymidylate metabolism, the dihydrofolate reductase gene appears to be useful but not completely essential for growth.
Infection of Escherichia coli with T-even bacteriophages results in the formation of several virus-specific enzymes of pyrimidine metabolism. Some of these, including deoxycytidylate hydroxymethylase (4) and a deoxynucleotide kinase which can act upon 5-hydroxymethyldeoxycytidylate (2), are involved in the biosynthesis of the unique phage deoxyribonucleic acid (DNA) component, 5-hydroxymethylcytosine (23) , and, as such, do not occur in uninfected cells. Another class of phage-specific enzymes acts to supplement pre-existing pathways for the synthesis of thymine nucleotides. This class includes deoxycytidine monophosphate (dCMP) deaminase, an enzyme undetectable in uninfected bacteria (10) , and deoxythymidine monophosphate (dTMP) synthetase (5) and dihydrofolate (DHF) reductase (15) , two enzymes which duplicate pre-existing activities of the growing cell. Evidence has been presented that the latter two enzymes can be distinguished, on the basis of physical and catalytic properties, from the corresponding enzymes of the host cell (7, 14, 16, 17) . An (18) showed that these mutants were unable to form thymidylate synthetase. Growth studies carried out in this laboratory with one of the mutants of Simon and Tessman (11, 19) showed that under certain conditions the absence of phage-specific thymidylate synthetase in infected E. coli B led to a two-to threefold reduction in burst size. Thus, this enzyme appeared to be useful but not absolutely essential f-or phage growth, since the phage could utilize the bacterial synthetase to a considerable extent. Similarly, Hall and Tessman (8) showed that dCMP deaminaseless mutants of T4 can grow reasonably well on E. coli B, suggesting that, in the absence of the deaminase, deoxyuridine monophosphate (dUMP) can be supplied via other pathways, principally the reduction of uridine nucleotides (1) . Figure 1 illustrates some of the reactions of interest. J. VuIoL.
Reichard, was used as plating bacterium for isolation of the wh mutant. This is a uracil-requiring, deoxycytidine deaminaseless strain which is presumably the same as strain OK305, used by Hall et al. (9) . T4BO0, a wild-type T4 strain, and T4td8, a thymidylate synthetaseless mutant, were kindly supplied by I. Tessman. T4rl 18, an rII mutant from the collection of Benzer, was obtained from R. Wilhelm. A wh mutant was isolated exactly as described by Hall et al. (9) . The mutant was back-crossed four times against T4BO1, to eliminate extraneous mutations.
The strain is called T4wh2, to distinguish it from T4whl, the designation applied by Hall et al. to their purified wh strain.
All growth experiments were carried out with the minimal salts-glucose medium M9, for reasons described below. Phage platings in the growth experiments were carried out on nutrient agar plates.
Assays for dCMP hydroxymethylase, dTMP synthetase, and DHF reductase were carried out as previously described (12) . dCMP deaminase was assayed by the method of Warner and Lewis (22) .
Phage-specific DNA synthesis was followed by incorporation of uracil-2-14C, as previously described (12) .
RESULTS
Choice of medium for growth studies. Earlier studies form this laboratory on growth of a T4 thymidylate synthetaseless mutant had employed a glycerol-Casamino Acids medium (11) . This medium, although chemically defined, allows rapid growth of E. coli, and it was felt that phage multiplication would also be quite extensive in this medium, following Stent's statement (20) that "generally the virus grows more abundantly when the nutrition of its host cell is optimal: what is good for the cell is good for the virus .." However, the experience of this laboratory has been that T-even phages and T5 multiply more rapidly, and reach higher final titers, in minimal media than in the enriched glycerol-Casamino Acids medium or in complete media, such as broth. This appears to be related to the phenomenon of lysis inhibition (3), which is more extensive in minimal medium than in an enriched medium. Figure 2 ( Early enzyme synthesis. Figure 3 confirms the suggestion of Hall et al. (9) that the wh mutation confers an inability to induce the formation of DHF reductase. However, the wh-infected cells can synthesize thymidylate synthetase and deoxycytidylate deaminase. This suggests that the wh gene is a structural gene for DHF reductase and not a regulatory gene, for a phage mutated in a regulatory gene affecting DHF reductase might well be expected to show abnormalities in the syntheses of these two closely related enzymes (9) .
Growth of T4wh2. Earlier experiments from this laboratory on growth of the dTMP synthetase mutant T4td8 showed that significant differences in growth rates between the mutant and the parent strain were observed only in dilute cultures, of the order of 104 cells/ml. Therefore, similar experiments were carried out with wh2 (Fig. 4) . T4wh2 grows somewhat more rapidly than td8, but not as well as the wild-type strain. In the two experiments whose data are combined in Fig. 4 , the average final yields were: wild type, 190; td8, 89; wh2, 121.
The existence of phage-induced DHF reductase was predicted from the expected need of infected cells to increase the rate at which tetrahydrofolate (THF) was formed for continued synthesis of thymidylate (15) . One would expect, therefore, that the absence of the phage reductase would lead to a partial thymidylate deficiency and that the presence of thymine in the culture Fig. 5 . These data are plotted linearly, to illustrate the magnitude of the difference between final phage yields for the wild type and wh2. Although phage yields were considerably higher in this experiment than in that of Fig. 4 , probably owing to delayed cell lysis, the same relative difference was seen between wh2 and the wild type. As earlier observed for td8 (11) , the addition of thymine to a wh2-infected culture stimulates the growth rate to a value almost, but not completely, as high as that given by wild-type T4.
In the earlier study from this laboratory on the growth of td mutants, it was found that at high cell concentrations (ca. 108 per ml) the growth rate of td8 on E. coli B was not significantly different from that of wild-type T4 (11) . This was ascribed to a "cross-feeding" effect, in which excess thymine compounds from the earliestlysing cells were incorporated into other cells which were still producing phage. However, under the conditions of more extensive phage growth used in the present study, an approximately twofold difference was seen between T4BO, and T4td8, both with respect to rate of DNA synthesis and formation of inf'ectious particles (Fig. 6) 
